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(54) Etch processing and plasma reactor for performing same 



(57) The plasma source power frequency in a 
plasma etch reactor is reduced to a low RF frequency 
such as about 2 MHz. It is a discovery of this invention 
that at this low frequency, capacitive coupling from the 
plasma power source is reduced, and the plasma source 
power level may be increased beyond 750 Watts to 
reduce capacitive coupling and provide a high density 
inductively coupled plasma without appreciably increas- 




ing the ion bombardment energy. Moreover, under these 
conditions the etchant (e.g., chlorine) concentration in 
the plasma may be increased to about 80 percent without 
decreasing etch uniformity to provide a very high metal 
alloy etch rate with complete residue removal, no profile 
microloading, and no etch rate microloading, the process 
being applicable over a wide window of metal alloy com- 
positions. 
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Description 

This invention relates to a high etch rate residue free 
metal etch process with low frequency high power induc- 
tive coupled plasma. s 

This invention further relates to a plasma reactor 
especially for etching a conductive film on a semiconduc- 
tor wafer 

1 . Plasma Metal Etch Processes in General 10 

Integrated circuits typically include at least one 
metal layer overlying an insulating layer or thin film cov- 
ering underlying semiconductor features. Conductor 
paths are defined in the metal by photolithographicaily is 
defining and etching features therein. Typically, the metal 
layer is an alloy of aluminum, containing, for example, 
one percent of copper or silicon. Generally, a metal etch 
plasma process is carried out in a plasma reactor cham- 
ber. While the bulk metal (e.g., aluminum) is removed by 20 
etching, the alloy impurity (e.g., copper) is removed pri- 
marily by the sputtering action of the plasma ions. 

A significant problem in plasma etching of metal is 
that often the etch process leaves residues generated by 
the etching of the metal alloy material, such residues 25 
contaminating the integrated circuit. Such metal etch 
residues can arise from the segregation of silicon and 
copper in the metal alloy into the grain boundary. This is 
because the physical sputtering, rate of the silicon and 
copper-rich phase is lower than the aluminum etch rate. 30 
A fundamental limitation of metal etch plasma processes 
has been a seemingly unavoidable conflict between the 
goal of a thorough removal of metal etch residues and 
the goals of a high etch rate, high photoresist selectivity, 
thorough removal of sidewall residue deposition and 35 
minimizing etch profile microloading and etch rate micro- 
loading. 

For example, one prior art solution to the residue 
problem was to reduce the etch rate of the bulk metal 
(e.g M the aluminum) so that the bulk metal and the alloy 40 
impurity were removed at similar rates. Such an etch rate 
reduction was achieved by reducing the etchant (e.g., 
chlorine) concentration in the plasma. Another solution 
to this problem was to increase the sputtering rate erf the 
alloy impurity (e.g., copper or silicon) by increasing the 45 
ion bombardment energy. Such an increase in ion bom- 
bardment energy is typically achieved by increasing the 
R.F. power applied to the plasma. 

Such prior art solutions thus require a precise bal- 
ance between the metal alloy etch rate and the sputtering so 
rate in accordance with the particular alloy impurities 
(e.g., copper, siJicon, eta) contained in the alloy and their 
concentrations. Such a precise balance is upset by any 
change in concentration or substitution of other alloy 
impurities in the bulk metal. As a result, a given metal ss 
etch plasma process is typically workable over a very 
narrow window or range of different alloys, alloy concen- 
trations and operating conditions, a significant disadvan- 
tage. 



Also, the foregoing prior art solutions unfortunately 
tend to promote an undesirable loss of photoresist, thick 
sidewall deposition of photoresist etch by-products and, 
consequently, etch profile microloading. The term etch 
profile microloading refers to the dependency of the etch 
profile (metal sidewall angle) on the feature density. This 
phenomenon arises from polymer residues generated by 
etch by-products of metal and photoresist. Such polymer 
residues tend to condense onto the sidewalls of features 
etched in the metal alloy layer during the etching proc- 
ess, thereby distorting the etched sidewall profile if not 
removed by ion bombardment during the etch process, 
a significant problem, FIG. 1 illustrates an integrated cir- 
cuit with a metal alloy layer with photoresist deposited 
thereover in accordance with conventional photolitho- 
graphic techniques. FIG. 2 shows the same circuit after 
plasma etch processing. As indicated in FIG. 2, etched 
vertical sidewafis are realized where the etched features 
in the metal layer are closely spaced. This is because 
the closely spaced vertical walls funnel the plasma ions 
as they ricochet between adjacent walls down their entire 
height, so that sidewall polymer residues are thoroughly 
removed during the etch process. Etched slanted side- 
walls are realized primarily in regions in which the etched 
features in the metal layer are relatively far apart, as indi- 
cated in FIG. 2, so that there is little or no ricocheting of 
the ions between adjacent vertical walls and conse- 
quently less sputtering or removal of the sidewall poly- 
mer residue. 

In the case of the first prior art solution, in which the 
metal alloy etch rate is reduced, etch profile microloading 
arises because the metal etch rate has been decreased 
so that the ratio of metal etch rate to polymer deposition 
rate is decreased. In the case of the second prior art solu- 
tion, in which the ion bombardment energy is increased, 
etch profile microloading arises because the polymer 
residue deposition rate has been increased relative to 
the metal etch rate. 

2. Commercially Available Plasma Metal Etch Proc- 
esses Employing Independent Source and Bias RF 
Generators 

Commercially available inductively coupled plasma 
metal etch processes typically employ one RF generator 
connected to a coil surrounding a portion of the reactor 
chamber as a plasma power source, and another RF 
generator connected to the wafer pedestal as a bias volt- 
age source. These processes typically operate at rela- 
tively low pressures with the plasma power source 
having a frequency of 13.56 MHz. One problem is that 
capacitive coupling from the 13.56 MHz plasma power 
source to the plasma is so great that, in order to avoid 
photoresist loss and etch profile microloading from 
excessive sputtering of the photoresist, the plasma 
source power is limited to less than 900 Watts. Such a 
relatively low power provides a plasma ion density which 
is relatively low compared to other high density plasma 
reactors. With such a low plasma ion density, the only 
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way to enhance removal of impurity residues is to 
increase the RF bias source power or reduce the alumi- 
num etch rate, as in RIE (Reactive Ion Etch) etching. 
However, a significant increase in RF bias source power 
leads to low photoresist etch selectivity, etch profile 
microloading and trenching underneath oxide films. 

A related problem is that the relatively low ion density 
limits the rate of removal by ion bombardment of alloy 
impurities. In order to balance the removal rate of alloy 
impurities with the metal etch rate, such commercially 
available plasma metal etch processes normally limit the 
concentration of etchant (chlorine) gases in the plasma 
to less than about 50%. 

Another problem with commercially available 
plasma metal etch reactors is that the plasma RF power 
source and the bias RF power source both operate at or 
near the same frequency, giving rise to RF interference 
and poor RF match stability. 

3. Reactive Ion Etch Plasma Processes 

Reactive ion etch (RIE) plasma processes employ a 
pair of opposing electrodes connected across a single 
RF power source. In addition to the problems discussed 
above, another problem with RIE metal etch plasma 
processes is that increasing ion density to increase res- 
idue removal capability by increasing the plasma source 
power proportionately increases the ion bombardment 
energy and hence increases the undesirable sidewall 
deposition of photoresist polymer residues. 

The present invention intends to overcome these 
problems, limitations and tradeoffs. The object is solved 
by the process of independent claims 1 , 36, and the 
plasma reactor of independent claim 1 1 and 30. 

Further advantages, features, aspects and details of 
the invention are evident from the dependent claims, the 
descriptions and the accompanying drawings. The 
claims are intended to be understood as a f irst non-lim- 
iting approach at defining the invention in general terms. 

The present invention provides a high density 
plasma metal alloy etch process and a plasma reactor 
for etching. 

The invention further provides a metal etch plasma 
processing and in particular to plasma etching of alumi- 
num films on integrated circuits, such as integrated cir- 
cuits with silicon substrates, as one of many possible 
examples. 

In accordance with the present invention, the 
plasma source power frequency is reduced to a low RF 
frequency such as about 2MHz. It is a discovery of this 
invention that at such a low frequency, capacitive cou- 
pling from the plasma power source is reduced, and the 
plasma source power level may thus be increased 
beyond 750 Watts with minimal capacitive coupling, pro- 
viding a high density inductively coupled plasma without 
appreciably increasing the ion bombardment energy. 
Moreover, under these conditions the etchant (e.g., chlo- 
rine) concentration in the plasma may be increased to 
about 80 percent without increasing impurity residue for- 



mation. This provides a very high metal alloy etch rate 
with thorough residue removal and minimal profile micro- 
loading, the process being applicable over a wide win- 
dow of metal alloy compositions. 

5 The invention will now be described with reference 
to the accompanying drawings. 

FIG. 1 is a partial cross-sectional view of a semicon- 
ductor integrated circuit during fabrication prior to etch- 
ing a metal alloy layer. 

10 FIG. 2 is a partial cross-sectional view correspond- 
ing to FIG. 1 after etching of the metal alloy layer, illus- 
trating etch profile microloading and etch rate 
microloading. 

FIG. 3 is a simplified diagram of an inductive high 

is density plasma metal alloy etch reactor employed in car- 
rying out the present invention. 

FIG. 4 is a graph illustrating a relationship between 
the Argon sputtering rate of a silicon oxide film and the 
plasma source power for a frequency of 13.56 MHz 

20 employed in the prior art and for a frequency (2 MHz) in 
the frequency regime employed in the present invention. 

FIG. 5 is a graph illustrating a relationship between 
photoresist etch rate and plasma source power for a fre- 
quency regime of the prior art (13.56 MHz) and for a fre- 

25 quency regime (2.0 MHz) employed in the present 
invention. 

Any suitable inductively coupled high density 
plasma etch reactor may be employed in carrying out the 
present invention, provided certain modifications are 

30 made as described below herein. For example, referring 
to FIG. 3, an inductively coupled high density plasma 
metal alloy etch plasma reactor employed in one appli- 
cation of the invention as but one of many possible exam- 
ples has a vacuum chamber housing 10 with a dome 

35 ceiling 15 (for example) around which is wrapped a 
dome-shaped RF coil antenna 20 connected to a 2 MHz 
plasma power source 25 through an RF match network 
30 of the type well-known in the art. An etchant gas sup- 
ply source 35 furnishes an etchant gas such as chlorine 

40 or a chlorine-containing gas including an inactive or inert 
gas such as nitrogen, for example, to the chamber inte- 
rior through a gas distribution apparatus 40. The work- 
piece or semiconductor integrated circuit wafer 45 is held 
on a conductive pedestal 50 supported near the bottom 

45 of the chamber housing 1 0. A 1 3.56 MHz plasma RF bias 
power supply 55, which controls the plasma ion energy 
is connected to the pedestal 50 through a conventional 
RF match network 60. A vacuum pump 65 controls the 
interior pressure inside the reactor chamber housing 10. 

so In accordance with the present invention, the 
plasma power source 25 is a low frequency RF power 
source, preferably having a frequency of about 2 MHz 
but in any case not exceeding about 6 MHz. It is a dis- 
covery of the present invention that at such a low fre- 

55 quency, if the plasma source power is increased above 
750 Watts, the coupling between the plasma power 
source 25 and the plasma inside the chamber housing 
1 0 becomes primarily inductive, there being only minimal 
capacitive coupling between the plasma power source 
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25 and the plasma. Therefore, in accordance with a fur- 
ther aspect of the invention, the plasma power source 25 
applies a high RF power level (e.g., greater than about 
1 ,000 Watts) at the low RF frequency to the coil antenna 
20. The plasma source power is thus increased by a fac- 5 
tor of 1 .5 or more without a deleterious increase in the 
ion bombardment energy because of the lack of capac- 
itive coupling at the low RF frequency. This is illustrated 
in the graph of FIG. 4, showing how the argon sputtering 
rate of silicon oxide is significantly lower in the invention 
in twQ distinct ways: (a) first, the sputtering rate is lower 
at 2 MHz than at 13.56 MHz at all levels of plasma source 
power; (b) secondly, the sputtering rate at 2 MHz 
decreases as the plasma source power level increases 
above about 750 Watts. 

At such a high power level, the plasma inside the 
reactor chamber housing 10 is a very high density 
plasma, improving the etch process. This facilitates a yet 
further aspect of the invention in which the gas supply 
source 35 provides a very high concentration of etchant 
gas (such as chlorine) in the plasma, on the order of 
about 70 percent and preferably as high as 80 percent 
or more. In the prior art, such an increase in the chlorine 
concentration would have been expected to increase the 
residue remaining after RIE etching. However, in the 
present invention, such an increase in chlorine concen- 
tration virtually eliminates all residues despite the very 
high etch rate achieved with the high density plasma. 

One advantage of this reactor is that the plasma 
power source 25 and the plasma bias source 55 operate 
at very different frequencies, thereby avoiding RF inter- 
ference therebetween and RF match instabilities. 

While the foregoing description describes the inven- 
tion with reference to a single etchant species, such as 
chlorine, the gas supply source may furnish a mixed gas 
including more than one etchant species. For example, 
the mixed gas may consist of chlorine as the primary 
etchant species with a secondary etchant species such 
as BCI3 gas or HCI gas or both BCI3 and HCI mixed with 
the primary etchant species, chlorine. The secondary 
etchant may also include HBr. in any case, the primary 
etchant species, whether or not it is mixed with a sec- 
ondary etchant species in the supply gas, constitutes 
greater than 50% of the supply gas and preferably as 
high as 70% or more, as described above. 

The etch process achieved in the present invention 
is very clean, with very little sidewall residue deposition 
and virtually no etch profile microloading. 

While the prior art would have expected a deleteri- 
ous increase in photoresist sputter rate with the increase 
in plasma source power level to over 1 ,000 Watts, no 
such resist etch rate increase is observed because of the 
reduction of capacitive coupling achieved with a low RF 
frequency plasma power source. This is illustrated in the 
graph of FIG. 5, showing how the photoresist removal 
rate with the plasma source power at 2 MHz is less than 
at 13.56 MHz across a wide range of plasma source 
power. 



With the reduction in capacitive coupling from the 
plasma source power to the plasma by the reduction in 
plasma source power frequency, there is no increase in 
electric potential of the plasma ions near the wafer sur- 
face as the plasma source power level is increased. 
Moreover, as shown in the graphs of FIGS. 4 and 5, a 
change occurs when the plasma source power reaches 
750 Watts, at which point the evidence implies that the 
primary plasma coupling mode switches from principally 
capacitive coupling to principally inductive coupling. This 
transition becomes more complete as the power level 
approaches 1,000 Watts, so that sputtering, rather than 
increasing with power, decreases for power levels above 
750 Watts. The resulting increase in plasma ion density 
increases the conductivity therethrough, thereby reduc- 
ing the plasma or ion potential, and hence the sputtering 
rate. One benefit of this is that the photoresist sputter 
rate falls with the increase in power above 750 Watts. 

With a higher density plasma, etch residues are 
readily removed and the residue removal window is 
wider. Therefore, the chlorine concentration increase is 
not accompanied by any residue formation. 

With the increased chlorine concentration, a far 
greater metal alloy etch rate is realized, which signifi- 
cantly exceeds the rate at which photoresist residue is 
deposited on the vertical side walls of etched features in 
the metal layer. Moreover, the deposition rate of such 
photoresist residues has already been decreased by vir- 
tue of the decrease in sputtering rate, discussed imme- 
diately above. As a result, there is virtually no 
dependence upon the ricocheting of ions among closely 
spaced vertical walls to remove photoresist residues 
deposited thereon during etching. Accordingly, etch pro- 
file microloading is also eliminated in the invention. The 
result is that profile of the side walls of etched features 
in the metal alloy layer is perfectly vertical, or at least 
nearly so, so that undercutting and poorly profiled side 
walls are eliminated in the invention. 

The invention may be carried out in a chamber vol- 
ume of, for example, 1 0,000 to 50,000 cubic centimeters 
at a pressure, for example, between 0 and 100 milliTorr. 
In a preferred embodiment, the pressure is less than 20 
milliTorr and the chamber volume is about 31 ,000 cubic 
centimeters. 

While the invention has been described in detail by 
specific reference to preferred embodiments thereof, it 
is understood that variations and modifications thereof 
may be made without departing from the true spirit and 
scope of the invention. 

Claims 

1 . An etch process, especially for etching a conductive 
film on a semiconductor wafer in a plasma reactor, 
having an inductor coil for irradiating said reactor 
with RF source power and a wafer pedestal for sup- 
porting said wafer in said reactor, said etch process 
comprising the steps of: 

applying RF power in excess of 750 Watts at 
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an RF frequency about or less than 6 MHz to said 
inductor coil; and 

introducing a gas into said plasma reactor 

2. The etch process according to claim 1 , wherein the 
introduced gas comprises one or more etchant spe- 
cies for etching said conductive film constituting 
greater than 50% of said gas. 

3. The etch process according to any one of the pre- 
ceding claims further comprising applying a bias RF 
power at greater than 6 MHz to said wafer pedestal. 

4. The etch process according to any one of the pre- 
ceding claims wherein said source power is in 
excess of 1000 Watts. 

5. The etch process according to any one of the pre- 
ceding claims wherein said RF frequency is about 
2.0 MHz. 

6. The etch process according to any one of the pre- 
ceding claims wherein said etchant species consti- 
tutes about or greater than 70% of said gas. 

7. The etch process according to any one of the pre- 
ceding claims wherein said etchant species consti- 
tutes about 80% of said gas. 

8. The etch process according to any one of claims 1 
to 6 wherein said etchant species constitutes greater 
than 80% of said gas. 

9. The etch process according to any one of the pre- 
ceding claims wherein said applying and introducing 
steps are preceded by a step of preliminarily defining 
features on a top thin film layer of said work piece to 
be etched. 

10. The etch process of Claim 9 wherein said defining 
step comprises depositing photoresist over areas of 
said top thin film layer which are not to be etched, 
said photoresist comprising a material which is 
resistant to attack by said etchant species. 

1 1 . A plasma reactor, especially for etching a conductive 
film on a semiconductive wafer (45), comprising: 

a reactor vacuum chamber (10); 

a coil inductor (20) for irradiating said cham- 
ber (10) with plasma source RF power; 

a pedestal (50) inside said vacuum chamber 
(10) for supporting said wafer (45); 

means (25,30) for applying a plasma source 
powder in excess of 750 Watts at an RF frequency 
about or less than 6 MHz to said coil inductor; and 

a gas injection devise (35) for introducing a 
gas into said plasma reactor. 



12. The plasma reactor according to claim 11, further 
comprising means (55,60) for applying a plasma 
bias power which is adapted for applying a bias 
power RF frequency of at least 1 MHz to said ped- 

5 estal (50). 

13. The plasma reactor according to any one of claims 
11 or 12, wherein said gas injection device (35) is 
including one or more etchant species constituting 

10 greater than 50% of said gas. 

14. The plasma reactor according to any one of claims 
1 1 to 1 3, wherein said bias power frequency is about 
or greater than 6 MHz. 

15 

15. The plasma reactor according to any one of claims 
1 1 to 14, source power is in excess of 1000 Watts. 

16. The plasma reactor according to any one of claims 
20 11 to 15, wherein said RF frequency is about 2.0 

MHz. 

17. The plasma reactor according to any one of claims 
11 to 16, wherein said etchant species constitutes 

25 about or greater than 70% of said gas. 

18. The plasma reactor according to any one of claims 
11 to 1 7, wherein said etchant species constitutes 
about 80% of said gas. 

30 

19. The plasma reactor according to any one of claims 
11 to 18, wherein said etchant species constitutes 
greater than 80% of said gas. 

35 20. The plasma reactor according to any one of claims 
11 to 19, wherein said wafer (45) as a top thin film 
layer with preliminarily defined features on said top 
thin film layer which are to be etched. 

40 21 . The plasma reactor of Claim 20 wherein said wafer 
(45) as a layer of photoresist over areas of said top 
thin f ilm layer which are not to be etched, said pho- 
toresist comprising a material which is resistant to 
attack by said etchant species. 

45 

22. The plasma reactor of Claim 20 or 21 , wh rein said 
top thin film layer is a metal. 

23. The plasma reactor according to any one of claims 
so 1 1 to 22, wherein said etchant species comprises 

chlorine. 

24. The plasma reactor according to any one of claims 
11 to 23 wherein said gas further comprises plural 

55 etchant species. 

25. The plasma reactor according to any one of claims 
1 1 to 24, wherein said gas comprises a primary etch- 
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ant species comprising at least one gas from a class 
of gases including BCI 3 , HCI and HBr. 

26. The plasma reactor according to any one of claims 
11 to 24, wherein said gas comprises a primary etch- 
ant species constituting chlorine and a secondary 
etchant species comprising at least one of HCI, BCI3 
and HBr. 

27. The etch process according to any one of claims 1 
to 10, wherein said gas further comprises plural 
etchant species. 

28. The etch process according to any one of claims 1 
to 10 or 27, wherein said gas comprises a primary 
etchant species constituting chlorine and a second- 
ary etchant species comprising at least one gas from 
a class of gases including BCI3, HCI and HBr. 

29. The etch process according to any one of claims 1 
to 10 or 27, wherein said gas comprises a primary 
etchant species constituting chlorine and a second- 
ary etchant species comprising at least one of HCI, 
BCI3 and HBr. 

30. A plasma reactor, especially for etching a conductive 
film on a wafer, comprising: 

a reactor vacuum chamber (10) adapted to 
receive a wafer (45) bearing a conductive film to be 
etched; 

at least one or more controlled gas supply 
outlet openings (40) within said chamber (10) 
adapted to introduce into said chamber (10) at least 
one etchant gas capable of being ionised into a reac- 
tant species for etching said conductive film at an 
etchant gas concentration which is a substantial 
fraction of the total gas composition within the cham- 
ber; 

a coil inductor (20) positioned about said 
chamber (10); and 

a first power source (25) connected to said 
inductor (20) for applying RF power thereto of at 
least 750 Watts at an RF frequency of about or less 
than 6 MHz to maintain a high density plasma of said 
gas primarily by inductively coupling RF power 
between said coif and plasma. 

31 . The reactor of Claim 30, wherein the gas within the 
chamber (10) includes a plurality of etchant gases, 
and in which a first etchant gas comprises the pri- 
mary component of said plurality of etchant species. 

32. The reactor of Claim 30 or 31 wherein substantially 
over half of the etchant gases constitute said first 
etchant gas. 

33. The reactor according to any one of claims 30 to 32, 
wherein said first etchant gas comprises Chlorine. 



34. The reactor according to any one of claims 30 to 33, 
further comprising a pedestal (50) within said cham- 
ber (10) supporting the wafer (45) and a second 
power source (55) connected to said pedestal (50) 

5 for applying thereto an RF bias at a frequency of at 
least 1 MHz. 

35. The reactor according to any one of claims 1 1 to 26 
or 30 to 34, wherein said chamber pressure is main- 

10 tained in the range of 0 to 1 00 milliTorr. 

36. An etch process, especially for etching a conductive 
film on a wafer in a plasma reactor, having an induc- 
tor coil for irradiating the reactor with RF power, the 

is process comprising the steps of: 

introducing into the reactor at least one etch- 
ant gas ionizable into a reactant species for etching 
the conductive film at an etchant gas concentration 
which is a substantial fraction of the total gas com- 

20 position within the reactor; and 

coupling RF energy via said coil into the reac- 
tor at a power level of at least about 750 Watts and 
a frequency of about or less than 6 MHz to maintain 
a high density plasma within said reactor primarily 

25 by inductive coupling. 

37. The process of Claim 36, wherein the gas within the 
chamber includes a plurality of etchant gases, and 
in which a first etchant gas comprises the primary 

30 component of said plurality of etchant species. 

38. The process of Claim 36 or 37 wherein substantially 
over half of the etchant gases constitute said first 
etchant gas. 

35 

39. The process of any of Claims 36 to 38 wherein said 
first etchant gas comprises Chlorine. 

40. The process of any of Claims 36 to 39 wherein said 
40 reactor comprises a pedestal within said chamber 

supporting the wafer, said process further compris- 
ing the step of applying an RF bias to said pedestal 
at a frequency of at least 1 MHz. 

45 41. The process of any of Claims 36 to 40 further com- 
prising the step of maintaining the chamber at a 
pressure in the range of 0 to 100 milliTorr. 
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